Background: Repetitive transcranial magnetic stimulation (rTMS) is an effective treatment for medication-refractory major depression, yet the mechanisms of action for this intervention are poorly understood. Here we investigate cerebral cortex thickness as a possible biomarker of rTMS treatment response. Methods: Longitudinal change in cortical thickness is evaluated relative to clinical outcomes across 48 participants in 2 cohorts undergoing left dorsolateral prefrontal cortex rTMS as a treatment for depression. Results: Our results reveal changes in thickness in a region of the left rostral anterior cingulate cortex that correlate with clinical response, with this region becoming thicker in patients who respond favorably to rTMS and thinner in patients with a less favorable response. Moreover, the baseline cortical thickness in this region correlates with rTMS treatment response e those patients with thinner cortex before treatment tended to have the most clinical improvement. Conclusions: This study is the first analysis of longitudinal cortical thickness change with rTMS as a treatment for depression with similar results across two cohorts. These results support further investigation into the use of structural MRI as a possible biomarker of rTMS treatment response.
Introduction
Repetitive transcranial magnetic stimulation (rTMS) is an effective treatment for medication-refractory major depressive disorder [1] , yet the mechanisms of action for this intervention are poorly understood. Studies have shown that rTMS treatment for depression may be associated with changes in serum markers (e.g. BDNF) as well as functional and neurochemical changes in the brain, both at the site of stimulation and in remote regions [2] . These studies aim to identify potentially clinically useful biomarkers that would provide an objective measure of treatment response, provide mechanistic insight to rTMS, and, ideally, predict which patients are most likely to benefit from rTMS. To date there are relatively few studies investigating the structural correlates of rTMS treatment response, yet if useful, structural MRI has the potential to be incorporated into clinical practice more easily than other biomarkers under evaluation (e.g. resting state functional connectivity MRI or EEG) as it uses existing, largely automated analysis software packages and routine clinical imaging hardware.
In 2007, May et al. published a first demonstration that focal 1 Hz rTMS delivered daily for five days is associated with a local increase in gray matter at the site of stimulation in the temporal lobe of healthy adults [3] . For patients receiving rTMS to the dorsolateral prefrontal cortex (DLPFC) as a treatment for depression, longitudinal studies have shown no global change in brain volume [4] , a significant reduction in left hippocampus volume that was driven by the non-responders [5] , and a significant increase in hippocampus volume that did not correlate with clinical response [6] . A 2016 study showed a longitudinal increase in gray matter density in several brain areas over a course of rTMS for depression and a single region, the rostral anterior cingulate cortex (rACC) extending into medial prefrontal cortex, with increased gray matter density that correlated with clinical improvement [7] .
In the present study we sought to evaluate whether cerebral cortex thickness may be a potential biomarker of rTMS treatment response in depression. Specifically, we examined whether there were regional changes in cerebral cortex thickness associated with clinical improvement. We hypothesized that cortical thickness would increase in the left DLPFC based on prior research showing regional structural changes at the stimulation site [3] , along with increases in cortical thickness at the anterior cingulate in correspondence with clinical improvement, which may correspond to increased gray matter density reported previously [7] . In addition we measured hippocampus volume to evaluate whether nonresponders had decreased hippocampus volume with rTMS treatment, as was reported previously [5] versus hippocampal enlargement, which has been reported recently in association with rTMS treatment for depression [6] and with some consistency with electroconvulsive treatment of depression [8] . While we had specific anatomical hypotheses, our analyses included both region-ofinterest (ROI) and vertex-wide analyses that were not constrained by pre-specified ROIs.
Methods and materials
48 patients with treatment-resistant major depression were evaluated and treated using rTMS at one of two sites, the Berenson Allen Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center (BIDMC) (N ¼ 21) or Weill Cornell Medical College (N ¼ 27). Both datasets have been analyzed previously [9, 10, 31] , including a voxel-based morphometry analysis of gray matter density with findings in the rostral anterior cingulate cortex as reported above [7] . Cerebral cortex thickness has not been evaluated previously in either dataset. Diagnosis was confirmed in both groups by a clinical interview performed by a psychiatrist. While major depression was the target population, three patients had prior episodes of hypomania and thus met criteria for bipolar II disorder.
TMS Treatment. Each participant had a treatment course of rTMS applied to the left DLPFC according to the following protocol: 10 Hz rTMS in 4 s trains with 26 s intertrain interval, 3000 pulses, over 37.5 min. At BIDMC TMS was delivered using a NeuroStar TMS Therapy System (Neuronetics, Inc., Malvern, Pennsylvania) or Magstim Super Rapid stimulator (Magstim Company Ltd., UK) equipped with a 70-mm figure-of-eight coil and at Cornell TMS was delivered with the NeuroStar system. DLPFC targeting was 5.5 cm anterior to the motor cortex at BIDMC and via the beam F3 method at Cornell [11] . The number of rTMS sessions was 30e36 at BIDMC and 25 at Cornell. The primary measure of treatment response was the Beck Depression Inventory (BDI) [12] at BIDMC and the Hamilton Depression Rating Scale-24 Item (HamD) [13] at Cornell.
Imaging Acquisition. An MRI was acquired within a 7-day window before and after the rTMS treatment course. At BIDMC the MRI was conducted using a GE 3T HDX scanner. High-resolution T1-weighted structural images were acquired via a 3D-turbo field echo sequence (TE ¼ 2.9 ms, flip angle ¼ 15 , 0.94 Â 0.94 Â 1 mm resolution). At Cornell the MRI was acquired using a GE Signa Excite 3T scanner. High-resolution T1-weighted anatomical scans with 1 Â 1 Â 1 mm resolution were obtained with an 8-channel phase array head coil using a three dimensional spoiled gradient echo sequence with TR/TE/FA of 9 ms/3.5 ms/13 . Other details of this sample have been reported previously [7, 9, 10] .
FreeSurfer Processing. Structural MRI (T1\ MPRAGE sequences) data were processed using FreeSurfer, an automated software package that parcellates the brain using anatomical landmarks, including delineation of the white and pial surface to define cerebral cortex thickness across over a hundred thousand vertices [14] . The longitudinal processing stream of FreeSurfer was used to optimize detection of changes in cerebral cortex thickness in the same individual across two time points [15] , before and after the course of rTMS, a timespan of 4e7 weeks. This resulted in a cortical thickness difference value from pre-to post-rTMS for each vertex in the cerebral cortex for each patient. There is a lack of consensus regarding the optimal smoothing kernel size for FreeSurfer so we report data for commonly used kernels of 10, 15 and 20 mm. 15 was used for the main analyses with other smoothing kernel data reported as supplementary material. FreeSurfer parcellation of the cerebral cortex boundaries was reviewed individually for each scan to ensure anatomical accuracy prior to performing any analyses. The data from three patients was excluded due to inadequate parcellation, likely secondary to motion artifact (2 patients, which included 1 patient with bipolar II) or marked atrophy at baseline (1 patient).
A Priori Regions of Interest. To evaluate cortical thickness changes at the stimulation site each individual from the BIDMC cohort had the stimulation site identified using neuronavigation with Brainsight frameless stereotactic equipment. Patient-specific stimulation sites were recorded in stereotactic space and projected to the nearest brain surface position perpendicular to a plane tangential to the scalp. Sites were then transformed as a 20 mm diameter spherical ROI from MNI volume space to FreeSurfer surface space. For the Cornell cohort the site was estimated using a 20 mm diameter spherical ROI at the average F3 MNI coordinate À41.5, 41, 33 [16] .
Hippocampus volume was traced manually using a previously published protocol [17] . Prior to tracing for this analysis reliability was demonstrated using both inter-rater (with original study data) and intra-rater intraclass correlations, at 0.958 (95% confidence interval 0.835e0.989) and 0.974 (95% confidence interval 0.894e0.993) respectively. The FreeSurfer-derived hippocampus volume was also evaluated.
ROI analyses, other than the stimulation site and the manual segmentation of the hippocampus described above, were conducted using FreeSurfer-derived regions from their standard atlas ROIs [18, 19] .
Statistical Analysis. The main analysis examined the relationship between longitudinal cortical thickness changes with change in depression ratings using a general linear model in FreeSurfer's QDEC program (www.surfer.nmr.mgh.harvard.edu). In order to combine depression ratings across different rating scales we rankordered the percent change in HamD and BDI separately and scaled it to a 100-point scale before combining data from the two groups into a single continuous scale. A statistical threshold of P < 0.001 uncorrected was selected a priori for the main analysis as the effect size was expected to be small, due to minute changes in cortical thickness in adults over a period of weeks and high inter-individual variability given the heterogeneity of depression and variable response to TMS. Given the lenient statistical threshold the analysis is considered exploratory. Institutional Review Boards approved the study prior to data collection at each site and informed consent was obtained from all patients.
Results
Demographic and Global Structural Data. The average patient age was 48 ± 15 with 30 female participants. Depression symptoms improved from pre-to post-rTMS across the 45 patients included in the final analysis (40.1 ± 26.5% reduction; P < 0.001) with 19 patients (42%) meeting the pre-defined criteria for 'responder' set as at least a 50% reduction in HamD/BDI. Global morphometric data were first reviewed. There were no longitudinal changes in average cortical volume (pre-rTMS 447194 ± 52300 mm 3 , post-rTMS 446875 ± 52529 mm 3 , P ¼ 0.90) or average thickness (pre-rTMS 2.42 ± 0.10 mm, post-rTMS 2.42 ± 0.11 mm, P ¼ 0.92) across the entire cerebral cortex. The average longitudinal change in cortical volume and thickness also did not differ significantly in comparing data between sites (P ¼ 0.25 and P ¼ 0.24, respectively). There were no absolute significant regional changes in cerebral cortex thickness independent of treatment response at P < 0.001 using a vertex-wide analysis. Main Analysis. The primary vertex-wide analysis revealed a region of the left rostral anterior cingulate cortex (rACC) with increased cortical thickness in association with clinical improvement (Fig. 1A) . The peak correlation was at the rostral anterior cingulate along the cingulate sulcus and bordering the medial prefrontal cortex (P < 0.001, vertex #33172 in FreeSurfer space and À5.5, 47, À3.3 in MNI space). This regional correlation was present regardless of smoothing kernel used (P < 0.001; Fig. S1 ) and also significant when excluding both bipolar II patients (P < 0.001; Fig. S2 ). Extracting the average cortical thickness change data from within this left rACC region allowed post-hoc descriptive statistical analyses. There was a significant difference in average thickness change in this region between responders and non-responders, with a trend towards increased thickness in the responders and a significant decrease in thickness in non-responders (Fig. 1B) . A scatterplot shows the correlation of average cortical thickness change within this ROI with clinical improvement (r ¼ 0.4, P < 0.01; Fig. 1C) . Although statistically significant, the absolute changes in thickness at this site were minimal at <0.1 mm on average. We also evaluated whether the rACC correlation was driven primarily by data from one site and the finding was present using data from each site independently (Fig. 2) , though at a lower statistical threshold of P < 0.01 and with some variation noted in the spatial distribution.
Region-of-Interest Analyses. In addition to the main cortexwide analysis that was unconstrained by a priori hypotheses, we also conducted ROI analyses to further evaluate the a priori hypotheses (Table 1) . Regional cortical thickness in the left DLPFC in the regions most closely approximating the stimulation site (rostral and caudal middle frontal gyrus) showed no significant change in cortical thickness across time and no correlation with clinical improvement. However, there was a near significant difference in cortical thickness change amongst responders (increased thickness) and non-responders (decreased thickness) in the left rostral middle frontal gyrus (P ¼ 0.053). There was no significant longitudinal change in cortical thickness at the individualized stimulation sites.
Results from the left rostral anterior cingulate cortex ROI derived from FreeSurfer closely resembled those derived from the vertex-wide analysis described above, with a significant difference in cortical thickness between responders and non-responders (P < 0.05), with thickness change significantly correlated to clinical improvement, such that better clinical response is associated with increased thickness (r ¼ 0.41, P < 0.01). Results from the left subcallosal ACC, which most closely approximates the subgenual ACC, showed a significant decrease in cortical thickness (P < 0.05) Fig. 1 . Cortical thickness change correlates with clinical improvement. A. A cortex-wide analysis revealed a significant correlation between cortical thickness change in left rostral anterior cingulate cortex (rACC) and improvement in depression symptoms. The peak correlation is significant at P < 0.001 uncorrected. Findings are shown at P < 0.01 to display the extent of the spatial distribution of the correlation, also see Fig. S3 showing these results at a P < 0.001 threshold. B. Average cortical thickness changes within this rACC region differ between responders and non-responders (þ0.074 and À0.095 mm, respectively; P < 0.05) with non-responders showing a significant reduction in cortical thickness (P < 0.01). C. A scatter plot shows the correlation between change in cortical thickness within this ROI and clinical response (r ¼ 0.4, P < 0.01). *P < 0.05, **P < 0.01. following a course of rTMS that did not correlate with clinical improvement. Total bilateral hippocampus volume was significantly reduced following the course of rTMS (P < 0.05), which appeared to be driven by the non-responders, with responders having no significant change in hippocampal volume. The results were similar with FreeSurfer-derived hippocampal volume but failed to reach statistical significance (P ¼ 0.08).
Does baseline scan relate to treatment response? A secondary analysis examined the relationship between pre-treatment cortical thickness relative to eventual clinical response to rTMS treatment. This analysis revealed a cortical region in the same vicinity of the main analysis with a peak correlation slightly dorsal to the main finding that was significantly thinner in patients who would go on to have a better clinical response to rTMS (P < 0.001; Fig. 3 ). This finding was significant regardless of smoothing kernel used (Fig. S5) . Cortical thickness within this region had a non-significant trend towards increasing post-treatment (mean thickness change: 0.077 mm ± 0.27 mm, P ¼ 0.06). Notably, while pre-treatment cortical thickness in this region was correlated with eventual improvement it was not correlated with pre-treatment severity of depression. (Fig. 1 ) from the Cornell (A) and BIDMC (B) cohorts, respectively with the combined findings in C. For reference a black dot denotes the rACC region where the effect was strongest in the group analysis. Scatter plots showing the correlation of clinical response and cortical thickness from each site are displayed in Fig. S4 . Note a lower statistical threshold was used here (P < 0.05) relative to the main analysis to account for the reduced power from a smaller sample size. 
Discussion
The current results suggest that cerebral cortex thickness changes in the rACC in relation to a patient's clinical response to rTMS for depression. Moreover, the results offer preliminary support that pre-treatment cerebral cortex thickness correlates with eventual treatment response. These results are considered preliminary, but if borne out in additional larger samples the findings would add to a growing body of literature already supporting a role of the rostral anterior cingulate region in depression [32] , including a large study of over 2000 depressed patients showing this region is thinner in association with depression [20] and may even be a structural marker of vulnerability to depression [21] . In addition, previous studies have highlighted changes in the rACC in association with rTMS treatment for depression [7, 9, 10] . Most pertinent to the current analysis is a prior voxel-based morphometry analysis using an overlapping cohort of 27 participants that demonstrated increased gray matter density of the rostral anterior cingulate over a treatment course that correlated with clinical improvement [7] . While both gray matter density and cortical thickness analyses are valid approaches for measuring cortical changes they often lead to discrepant findings within the same dataset [22e25], with FreeSurfer-derived cortical thickness being more sensitive to longitudinal changes in some studies that have used both measures [23, 24] . The current study suggests that changes in gray matter density observed previously in this region [7] are related, at least in part, to changes in cortical thickness. This is significant because neural plasticity may be more reliably reflected by structural changes within cortical columns that share a common ontogenetic origin [26, 27] . Another strength of the current analysis is that our findings are similar across two separate cohorts (Fig. 2) .
In addition to structural changes there have also been functional changes noted in the rACC with rTMS treatment for depression. A PET study showed increased metabolism in the rACC and adjacent medial prefrontal cortex in depressed patients prior to rTMS, with higher metabolism predicting better response to rTMS [28] , though this may not be unique to rTMS treatment [33] . Using functional connectivity MRI it was noted that the subgenual ACC is hyperconnected to the default mode network in depressed patients prior to rTMS treatment and the subgenual ACC functional connectivity to the anterior node of the default mode network (rACC and medial PFC) normalized in association with clinical improvement [10] . Moreover, GABA metabolites, measured with MR spectroscopy, increased in this region over a course of rTMS and this change correlated with clinical improvement [9] . Despite using different imaging modalities each of these studies has highlighted changes in the rACC that correlate with clinical response.
Some of the current findings are provocative and warrant further study, including the observed increased thickness of the left rostral middle frontal gyrus, decreased thickness of the subcallosal ACC, and overall decrease in hippocampus volume that occurred after the course of rTMS treatment. None of these findings correlated with clinical response, but it is possible the current analysis was underpowered to detect such relationships.
There are several limitations of the current analysis. First, we did not correct for multiple comparisons and future larger studies will be needed to further evaluate the current findings. In addition, the magnitude of change in cortical thickness was quite low and the ability to detect such changes in the sub-millimeter range relies on automated surface reconstruction with high resolution surface averaging techniques [14, 29] , which has received some experimental validation [30] . The current study did not include a shamcontrolled arm or alternate treatment arm to evaluate whether cortical thickness changes may relate to changes in symptom severity unrelated to receiving rTMS. Finally, while our objective in this study was to explore cortical thickness as a possible biomarker of rTMS treatment response the current findings are unlikely to be useful for guiding treatment in individual patients using current technology. Many challenges remain such as interpreting results across scanners and institutions and it is not clear that the group level results shown here could be meaningfully applied to individuals to guide clinical decisions.
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